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Abstract 
The modern development of electric vehicle requires higher power density to be packed into a battery pack. It is 
always expected that the battery can be arranged as much as possible, however, which leads to the serious thermal 
management issue due to the heat generation inside the battery packs. As extreme temperature affects performance, 
reliability, safety and lifespan of batteries, thermal management of battery system is critical to the success of all 
electric vehicles. The objective of this study is to explore the air cooling capability on the temperature uniformity and 
hotspots mitigation of a compact battery pack subject to various air flow paths, airflow rates. The numerical results 
show that the improvement of effective heat transfer areas between air-coolant and battery surfaces is able to 
obviously lower the maximum temperature and improve the maximum temperature difference in the densely-packed 
battery box. 
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1. Introduction 
In response to energy crisis and environmental problem, the pure electric vehicles, with the advantages 
of low consumption and zero emission, have been developed in recent years. As the only power of pure 
electric vehicles, the battery’s performance directly affects the performance and safety of electric vehicles. 
Among the various types of batteries, lithium-ion battery is becoming an attractive application for pure 
electric vehicles due to its high power density, long lifespan and low self-discharging [1]. It has been 
reported that the proper operating temperature of lithium-ion batteries is about 0oC - 40oC [2, 3]. To meet 
the requirement of high power of pure electric vehicles, the batteries need to be arranged into battery pack 
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as much as possible, which could result in serious thermal management issues due to concentrated heat 
generated by batteries inside battery pack. However, overheating and non-uniform temperature 
distribution in battery pack can seriously affect the performance and lifespan of lithium-ion batteries, 
which has a further effect on performance and safety of electric vehicles. Therefore, a well-designed 
battery thermal management system is an essential component in electric vehicle to safely maintain the 
battery pack at optimum conditions. Over the last two decades, several battery thermal management 
systems have been used to maintain the battery packs at optimum temperature with small variations, such 
as air cooling thermal management system [3-8], liquid cooling thermal management system [9,10] and 
phase change material thermal management system [11,12]. Compared with other cooling methods, air 
cooling thermal management system is still dominant due to lower manufacturing cost, simple layout 
requirements and higher reliability of system.  
In this study, air cooling for a densely-packed battery pack was investigated numerically. The 
advantages of a densely-packed battery packs is to make the maximum utilization of battery pack’s space 
and provide higher power density for electric vehicles to meet the requirements of working conditions. 
The objective of this study is to explore air cooling capacity on temperature uniformity and hotspots 
mitigation in a densely-packed battery pack subject to various flow paths (irregular air-coolant passages), 
airflow rates. The numerical results could provide the specific guidance for the layout of air cooling 
battery thermal management system for a densely-packed battery box. 
2. Design of a densely-packed battery box 
The thermal management issue of a densely-packed battery box was investigated numerically in this 
paper, whose dimensions are of 121 (x) × 380 (y) × 462 (z) mm. The rather compact battery pack is made 
up of 252 cylindrical lithium-ion (32650) batteries in six rows to realize different heat generated by 
batteries at different discharging rates and five air baffles are used to fix all batteries. The details of the 
densely-packed battery box are shown in Fig. 1. The cooling channel sizes are changed according to the 
gaps between the cylindrical battery units, as given in Table 1.The internal air passages (Yellow areas) 
are formed by the small gaps between individual cells and, cells and walls of the battery pack. The left, 
right and bottom sides of all batteries are 1 mm away from the corresponding walls of battery pack, and 
there is about 15 mm additional space on the top of battery packs designed for the circuit connections in 
the real application. The diameter of air inlet and outlet is 12 mm. Two kinds of flow paths, namely, 15 
and 59 vents are investigated under various air inlet conditions. The parameter α used to evaluate the 
utilization of battery pack’s space that is the ratio of the volume of cooling channel over the volume of 
battery unit. According to the operating temperature requirements of lithium-ion batteries, the special 
thermal layout specification of a densely-packed battery box is that the maximum temperature Tmax and 
the maximum temperature difference ΔTmax are below 40oC and 20 oC, respectively. 
                 
Fig.1 the schematic diagram of a densely-packed battery box configured with two flow paths 
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Table 1. Configurations of cylindrical battery stacks 
Distance between batteries α 
0.2 0.77 
0.3 0.73 
1 0.70 
2 0.67 
3 0.62 
4 0.81 
3. Numerical simulations 
In this article, the air flow and temperature distributions of computational unit were numerically 
simulated using FLUENT 14.5. The cooling air flow was assumed to be steady, incompressible and 
laminar due to the low flow velocity and short characteristic lengths (Reynolds number < 2300). The 
mass flow inlet is set as air inlet boundary condition and the outflow outlet is set as air outlet boundary 
condition. The surfaces of all batteries are taken as constant heat fluxes based on heat generated by 
batteries in different charging/discharging rates. All wall boundaries were modeled using no-slip 
boundary condition. 
The solution method was based on the following main hypothesis: Green-Gauss Node Based was 
adopted to discretize diffusion terms and the second-order upwind scheme for convective terms was used 
to reduce the numerical diffusion. The coupled velocity-pressure terms were resolved using the SIMPLE 
algorithm. 
4. Results and discussion 
4.1. Validation of numerical simulations 
The numerical model is first validated using the thermal resistance model of single irregular air coolant 
passage(computational unit) shown in Fig. 2, where Ti and To are the inlet and outlet temperatures, 
respectively, as well as the heat flux q is the heat generated by batteries. From Fig. 2, it is observed that 
the total thermal resistance is the sum of convection (Rcon) and advection thermal resistances (Radv). The 
convection thermal resistance is caused by temperature difference between air coolant and battery 
surface, while the advection thermal resistance is due to the temperature rise of air coolant because of 
heat absorption along airflow direction [4]. 
 
Fig. 2 The schematic diagram of thermal resistance model of single irregular air coolant passage 
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The total thermal resistance (Rtotal), convection thermal resistance (Rcon) and advection thermal 
resistance (Radv) can be calculated using the following equations: 
 Rtotal = (To - Ti) / q                                                                                                                                  (1) 
Rtotal = Rcon + Radv                                                                                                                                    (2) 
Radv = 1 / Qv ρ Cp                                                                                                                                    (3) 
Rcon = 1 /h Ac                                                                                                                                          (4) 
where h and Ac are the heat transfer coefficient and contact area between air coolant and single 
irregular air coolant passage (battery surface), respectively. Qv , ρ and Cp represent flow rate, density and 
specific heat of air coolant. 
The heat transfer coefficient h can be obtained from Nusselt number using the following equations: 
h = Nu λ / Dh                                                                                                                                           (5) 
Dh = 4 Acs / p                                                                                                                                           (6) 
where λ, Nu, and Dh are thermal conductivity of air coolant, Nusselt number and hydraulic diameter, 
respectively. 
As the Reynolds numbers of air coolant in single irregular air coolant passage are less than 2300 for 
different airflow rates, the fully developed laminar flow is assumed to calculate the Nusselt number using 
the following equations: 
Nu = -1.047 + 9.326 G                                                                                                                           (7) 
G = (α2 + 1) / (α + 1)2                                                                                                                              (8) 
where α is the channel aspect ratio (Lb / Lb).  
 
Fig.3 The validation of thermal resistance 
From figure 3, it is found that the numerical simulation can be validated by thermal resistance model 
of single irregular air coolant passage. Therefore, the numerical model in this paper can be used to 
research thermal properties of densely-packed battery pack with forced air cooling methods. 
4.2. Thermal analysis of computational unit 
Figure 4 shows the evolutions of thermal resistance of computational unit with different cooling 
channel sizes and Reynolds number of cooling air. It can be observed that the thermal resistance of 
computational unit decrease significantly with growth of Reynolds number varying 20 from 200. While, 
the Reynolds number have little effect on the thermal resistance of computational unit as Reynolds 
number is higher than 200. Meanwhile, we can see that cooling channel sizes have little effect on the 
thermal resistance of computational unit. 
Figure 5 shows the evolutions of maximum temperature of computational unit with different cooling 
channel sizes and Reynolds number of cooling air. We can find that the maximum temperature gradually 
decrease with the increasing of Reynolds number for different cooling channel sizes. In addition, it can be 
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observed that the decrease degree of the maximum temperature gradually decrease with the increasing of 
cooling channel sizes. It implies that the continuous increasing of cooling channel sizes is not the 
effective methods for lowering the maximum temperature. However, the increasing of cooling channel 
sizes can decrease the number of batteries of battery box which further affect the power density of electric 
vehicle. 
 
Fig.4 Evolutions of the thermal resistance 
 
Fig. 5 Evolutions of the maximum temperature 
4.3. Thermal analysis of a densely-packed battery box with 15 and 59 vents 
Based on the above analysis, the constant cooling channel sizes (α = 0.148) was used to investigate the 
thermal analysis of the densely-packed battery with 15 and 59 vents.  
Figure 6 shows temperature field of the densely-packed battery box with 15 vents under the heat flux 
of battery surfaces and airflow rate set at 8.75 W∙m-2 and 12.2 m3∙h-1, respectively. It can be observed that 
the high temperature areas of battery packs are around the center and at the bottom near air outlet; the 
temperature of battery packs at the top of the box is relatively low due to the effect of air inlet. The 
maximum temperature and the maximum temperature difference are 316 K and 22 K, respectively. Thus, 
the densely-packed battery box with 15 vents can’t meet the requirements of thermal layout 
specifications. 
To enhance the air cooling performance and improve temperature fields of a densely-packed battery 
box, 59 air vents are designed to evenly distribute air-coolant, which is able to increase the effective heat 
transfer areas between air-coolant and battery surfaces.  
 The temperature field of a densely-packed battery box with 59 vents under same conditions with 59 
vents is shown in Fig. 7. As expected, the maximum temperature and the maximum temperature 
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difference are 310 K and 16 K, respectively, lower 6 K than 15 vents. It implies that the improvement of 
effective heat transfer areas between air-coolant and battery surfaces can obviously enhance air cooling 
capacity of a densely-packed battery box. 
 
Fig.6 The temperature field of 15 vents at 293 K 
 
Fig.7 The temperature field of 59 vents at 293 K 
Conclusions 
The forced air cooling of a densely-packed battery box was investigated by numerical simulation to 
explore the air cooling capability on the temperature uniformity and hotspots mitigation under various 
flow paths, airflow rates. Based on the above research, the following conclusions may be drawn: 
(1)  The maximum temperature decrease gradually with the increasing of cooling channel sizes ;  
(2) The decrease degree of the maximum temperature decrease gradually with the increasing of 
cooling channel sizes which shows that the continuous increasing of cooling channel sizes is not the well 
methods to lower the maximum temperature; 
(3)  Compared with 15 vents, the maximum temperature and the maximum temperature difference of 
the densely-packed battery box with 59 vents obviously are decreased due to the improvement of 
effective heat transfer areas between air-coolant and battery surfaces. 
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